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SUMMARY

A diffuser evaluation program was conducted to develop an effective fixed-

area diffuser for a Mach 6 open-jet wind tunnel. In this program several diffuser

parameters were varied and evaluated in terms of empty-Jet starting efficiency

and running efficiency with blunt models and support systems inserted in the air-

stream. Permissible model blockage for tunnel operation was defined for several

variations of the diffuser parameters.

Test results show that good recoveries can be obtained with the fixed-area

diffuser, and that blunt models (hemispheres) with up to 18-percent blockage can

be operated in a tunnel with a properly designed diffuser. Investigation also

shows that operation with blunt models requires the use of second-minimum area

ratios appreciably larger than the optimum empty-jet values. Furthermore, better

efficiencies were obtained with short free-jet lengths and second-minimum sections

over 4 diameters in length.

INTRODUCTION

The study of materials and aerodynamics problems associated with reentry and

high-speed flight has created a need for ground-test facilities capable of pro-

ducing high temperature and high Mach number airstreams. In order to extend

capability for high-temperature materials research, an ll-inch Mach 6 nozzle,

test section, and diffuser were built and adapted to an existing 3,600 ° F zir-

conia pebble-bed heat exchanger for the primary purpose of high-temperature

materials research.

This Mach 6 system was designed using a water-cooled axisymmetric conical

nozzle, a free-jet test section, and a short fixed-geometry diffuser exhausting

to the atmosphere. A free-jet test section was chosen for this facility from

the consideration of operating temperature which made it imperative to be able

to insert and retract models from the stream during the tunnel operations.

Initial design of the test section and the diffuser was based on reference I

and unpublished data from similar free-jet systems. Successful tunnel starts were



obtained with this initial design; however, tunnel flow could not be maintained
whenblunt models were inserted into the airstream. Since data for model-
blockage effects on diffuser design parameters for this type of facility were
not available in existing literature, a limited program was undertaken to develop
a fixed-geometry diffuser that would allow flow to be maintained when large blunt
models were inserted into the airstream.

In this program several diffuser parameters were varied and evaluated in
terms of effects on empty-jet starting pressure and running pressure requirements
whenblunt-nose models and support systems were inserted into the airstream. The
parameters varied were second-minimumarea ratio, scoop angle_ free-jet length,
location of second minimum, and length of second minimum. Tests were madefor
a range of tunnel stagnation temperatures from 2,200° F to 3,600° F and data
included flow photographs and Machnumber surveys of the tunnel airstream.

This report presents the results from this program and also includes a
brief description of the Langley ll-inch ceramic-heated tunnel and its test
capabilities.

SYMBOLS

AI

A2

AB

D

DI

D 2

D3

ZI

_2

_3

M

PE

area of nozzle exit

area of diffuser second-minimum section

frontal area of model

diameter

nozzle exit diameter (10.6 in.)

diffuser second-minimum diameter

diffuser-scoop entrance diameter (15 in.)

distance from nozzle exit to diffuser entrance scoop

length of diffuser constant area (second minimum) section

length from nozzle exit plane to start of diffuser second-minimum

section

Mach number

pressure at diffuser exit (atmospheric)
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Po

Ps

Ptl

Pt 2

r

To

stagnation chamber pressure 3 ib/sq in. abs

local static pressure

total pressure ahead of normal shock (assumed equal to Po)

total pressure measured behind a normal shock (model stagnation-point

me asur ement )

radius

stagnation temperature 3 OF

APPARATUS AND TESTS

ll-Inch Tunnel System and Models

The Langley ll-inch ceramic-heated tunnel for which this program was con-

ducted consists of a high-pressure air supply 3 a heat exchanger, a water-cooled

nozzle, a free-Jet test section, and a fixed-geometry diffuser exhausting to the

atmosphere. These components are shown in figure l, and a photograph of the

nozzle, test section, and diffuser is shown in figure 2.

Heat exhan_er.- The heat exchanger consists of a 54-inch-diameter pressure

vessel approximately 30 feet tall which is lined with ceramic material and

filled with zirconia pebbles as illustrated in figure l(a). During operation

the pebble bed is heated by firing the gas burner until the desired bed tem-

perature is reached. The burner is then turned off and air is brought in at

the bottom to pressurize the vessel and to start the blowdown through the nozzle

system located on top of the heat exchanger. This ceramic heat exchanger which

is described in detail in reference 2 is capable of heating lO lb/sec of air to

an initial temperature of 33600 ° F.

Nozzle.- The nozzle used for this system is shown in figure l(b). This

nozzle is a water-cooled conical nozzle with an 8° half-angle expansion and a

lO.6-inch-diameter exit. It was designed for an exit Mach number of 6 at

33600 ° F air temperature. This nozzle is capable of operation at a stagnation

pressure of 1,200 lb/sq in. abs for an air temperature of 3,600 ° F. The design

concepts of the nozzle are presented in reference 2.

Test section.- The free-Jet test section is uncooled and incorporates an

offset model retraction bay (see fig. l(b)) for protection of the test model

from the thermal environment prior to insertion and after retraction of the

model from the airstream. A closure door is provided for the model retraction

bay to protect the model during the starting and stopping process of the tunnel.

Three observation windows of heat-resistant glass are provided for observing



Woter-coofed nozzle

Burner

Exhousf out-- + f--Air in

-Insulo!ing zirconio brick

-Hord zirconia brick

zirconio spheres

meter alumino spheres

Jrnino brick

fire brick

oncrefe

Diffuser_-_

\

t¢_el insertion

mec_

Coolin 9 water for

second minimum

./.Second- minimum section

Scoop section

/ Observation windows

"Test section

:ront face

m

Right face

(a) Heat exchanger. (b) Nozzle, test section, and diffuser.

Figure 1.- Components of Langley ll-inch ceramlc-heated tunnel.

I
T

the model and for obtaining shadowgraphs of the flow fields. A photograph of

the test section and model retraction bay is shown in figure 3. Figure 3(a)

shows model retracted and figure 3(b) shows model inserted in the test section.

Diffusers.- Four diffuser configurations, illustrated in figure 4, were

studied in this program with several variations of each configuration as indi-

cated in table I. The diffusers evaluated were limited to flxed-area designs

and used water spray to cool the second minimum and scoop. These diffuser sec-

tions were made of rolled 3/16-inch steel plate welded together. Conflgura-

tion l(a) (table I) was based on data in reference 1 and unpublished data which

did not include model blockage effects.
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L-6_-3023

Figure 2.- Photograph of front face of Math 6 nozzle, test section, and diffuser.
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(a) Model retracted.

(b) Model in airstresml. I_-64-3025

Figure 3.- Photograph of test section and model retractlon.
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Models.- To study model blockage effects 3 three different types of models

were used: hemispherical-nose models, flat-faced models, and a 60° conical-

nose model. Stagnation-point pressure orifices were incorporated in all hemi-

spherical models to allow measurement of stagnation pressures pt 2 during block-

age tests. Figure 5 is a sketch of all the models tested. Figure 6 shows

typical installation for models in the test section during the run. The nose

of each model was mounted 3_,inches from the nozzle exit plane and the strut

l"r

] ,ij2_L
_ _- 1 1/2"r

T_zl iI
i 1/2 I :!

__j

2"r

Model no. 1 2 3

Hemlspherlcal-nose models

_u_l

I
2 5/S"

__L

_-2 t/_,.-] L

__ _el __ 1--

Flat-face models

1_/16"

t ,, /\ oo

8 9 Conical-nose models I0

Figure 5.- Details of blockage models.
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Figure 6.- Typical model installation in test section.

leading edge was mounted 6_2 inches from the nozzle exit plane. The models and

strut were kept at the same location to eliminate any effect of model position.

Struts with blunt leading edges were used during the program and a cross-

sectional view of a typical strut is shown in figure 6. Variable length stings
were used for each model.

Tests

During this investigation minimum pressure required for starting the tun-
nel and maintaining flow was measured for each diffuser configuration with and

without models in the airstream. In a typical test the 2-1nch-diameter hemi-

sphere model (fig. 53 model no. 2) was installed in the retracted position and

a given diffuser configuration was installed on the test section. To start the

tunnel, the stagnation pressure was gradually increased (from 0 lb/sq in. gage)

until the design Mach number was abruptly established in the test section. Flow

establishment was indicated by a decrease in test-section static pressure to a

steady value approximately equal to the stream static pressure at the design

Mach number. After the tunnel started the pressure was generally increased to



700 or 800 ib/sq in. abs and the model was inserted into the airstream. If the

tunnel lost flow, the model was retracted and the pressure was increased. If

the tunnel flow could not be maintained for the model at 1,000 ib/sq in. 3 the

upper limit for routine operation of the facility_ the diffuser configuration

was removed and another diffuser configuration installed. If the tunn@l main-

tained flow at low stagnation pressures, the model was taken out and a more

severe blockage model installed. Installation was done with successively more

severe blockage models until the limiting model size for tunnel operation was

defined. For the best diffuser configuration tested, stagnation temperatures

were varied from 2, 200 ° F to 33600 ° F; but most tests were made at approximately

2, 800 ° F.

Measurements and Accuracy

Stagnation pressurej test-section static pressure, and shadowgraphs were

recorded throughout the test duration. In addition, for configuration 3(b)

wall static pressure distributions were recorded from orifices in a line from

the inlet scoop through the diffuser system to the atmospheric exit. Also,

several lateral and longitudinal Mach number surveys were made by using a total

pressure survey rake, and model stagnation pressure Pt2 was measured on the

hemispherical models.

The temperature of the top of the pebble bed was read with an optical

pyrometer before each run and previous calibration was used to obtain stagna-

tion temperature. Pressures were measured with electrical transducers and

recorded on an oscillograph recorder. Shadowgraphs were taken by a 16-mm

motion-picture camera operating at approximately lO0 frames per second.

A study of the factors affecting the accuracy of results indicates that

the measured quantities are accurate within the following limits:

M_ _+O.12

Po' +20 ib/sq in.

To, +i00 ° F

Ps' -+0.3 ib/sq in.

Pressure at the diffuser exit PE was measured for the static pressure

distribution runs but was not measured for the remainder of the tests; a

standard value of 14.7 lb/sq in. abs was used.

RESULTS AND DISCUSSION

Tunnel Flow Definition

Figure 7 shows the tunnel stagnation pressure and test-section static

pressure plotted against time for a typical tunnel start. As the stagnation

i0
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the starting process of the tunnel.

Air flow

Z S 3 I_

Air flow

5 6 7 8

F_lly started

L-64-5026
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pressure increased, the test-sectlon static pressure gradually dropped until
design Machnumberwas established in the test section. The tunnel starting
was signified by the sharp drop in test-sectlon static pressure to a steady
value approximately equal to the stream static pressure.

Figure 8 is a sequenceof shadowgraphstaken during a typical tunnel start
and showsthe shock system as it movesacross the test section. This flow pat-
tern is typical of an overexpanded nozzle as the stagnation pressure is
increased. The first shadowgraphshows the shock system at the exit of the
nozzle. As the stagnation pressure increases, the shock system movesdownstream
as indicated in shadowgraphs2 to 7. Finally, when the pressure ratio is suf-
ficient, the shock system moves into the diffuser and the tunnel is fully
started as indicated in shadowgraph8 (fig. 8). These shadowgraphswere taken
at approximately lO0 frames per second and represent a time interval of approxi-
mately O.1 second in the period between 25 and 27 seconds in figure 7-

Starting pressure for this investigation was defined as the stagnation
chamberpressure at the time the test-section pressure reached its minimum
value as indicated in figure 7, and starting efficiency was calculated by using
the stagnation chamberpressure at the time the tunnel starts for Po in the
following equation:

PE/PO

Efficiency = ptjPtl X i00

which relates the minimum pressure ratio pE/Po to the normal shock pressure

/ for the operating MacH numb@r. In these calculations, diffuserratio Pt Pt 1

efflciencies were based on normal shock pressure ratios corresponding to the

local Mach number at the normal model position. Mach numbers were computed

from total-pressure ratios corrected for temperature effects by using refer-

ence 3- In these calculations, an isentropic nozzle flow was assumed and the

value of stagnation chamber pressure Po was used for stream total pressure

pt 1. Flow surveys showing the lateral and longitudinal Mach number distribution

obtained by the total-pressure surveys in the model test region are presented in

figures 9 to ll.

Diffuser Evaluation

The initial diffuser evaluated in this program (table I, configura-

tion l(a)) was based on unpublished data with compromises to attain maximum

length of usable test area (free-Jet length Z1/) and a minimum overall diffuser

length to simplify vertical-installation problems on this tunnel. With this

diffuser configuration, the tunnel was started at a stagnation chamber pressure

of approximately 560 ib/sq in. abs corresponding to a starting diffuser effi-

ciency of 136 percent. These results were in reasonable agreement with design

data. However_ as summarized in table II, model capability was severely lim-

ited and operation with a 1-inch-diameter model required stagnation pressure of

approximately 1,000 ib/sq in. abs corresponding to an efficiency of only

12
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TABLE II.- CHART SHOWING CC_TDITIONS AT WHICH ALL MODELS WEEE TESTED

Model Stagnation AB Stagnation

Model diameter, I tempe ture, pres lure,
shape in. _ AI' Ib/sq in.

percent

Diffuser configuration l(a); empty-jet starting efficiency, 136

_]nnel flow

condition

percent

Model-in

running

efficiency,

percent

Hemisphere I"D

Hemisphere I"D

Hemisphere 2"D

Hemisphere 2"D

2,335
2,335
2,3_5
2,345

0.89
.89

3.56
3.56

8OO

i,o00
800

1,000

Flow lost

Flow maintained

Flow lost

Flow lost

75

Diffuser configuration ] (b); empty-Jet starting efficiency, 106 percent

Herod sphere 2"D 2,230 3- 56

Hemi sphere 2"D 2,210 3- 56

Hewd sphere 5"D 2,210 8.0

Diffuser configuration lie);

800 Flow lost

1,000 Flow maintained

800 Flow maintained

empty-jet starting efficiency, 103 percent

76

95

Hem/sphere

Hem/sphere

Hemisphere

Hem/sphere

2"D 2,829 3.56

2"D 2,825 3.56

3"D 2,820 8.0

3"D 2,820 8.0

800 Flow lost

900 Flow maintained

800 Flow lost

900 Flow maintained

8L5

8_.5

Diffuser configuration l(d); empty-jet starting efficiency, 126 percent

Hemisphere

Hem/sphere

Flat face

Flat face

Flat face

Flat face

2"D

3"D

Y'D

3"D

"D

"D

2,14o 3. 56

2, 260 8.0

2, 560 8. o

_, 560 8. 0

2,310 8.0

2,310 8.0

8OO

700

8o0
1,000

8OO

],000

Flow maintained

Flow maintained

Flow lost

Flow lost

Flow lost

Flow lost

95

108

Diffuser configuration 2; empty-Jet starting efficiency, 89 percent

2"D

3"D

3"D

2,760 3.56 1,000 Flow maintained

2,790 8.0 900 Flow lost

2,730 8.0 1,000 Flow maintained

Hemisphere

Hemisphere

Hemisphere

76

76

Diffuser configuration 3(a); ezTpty-Jet starting efficiency, 120 percent

Hemisphere

Hem/sphere

Herod sphere

2"D

3"D

3"D

2,700 3.56 800 Flow lost

2,260 8.0 800 Flow lost

2,260 8.0 1,000 Flow maintained 76

Diffuser configuration 3(b)} empty-Jet starting efficiency, 120 percent

Hemisphere

Hemisphere

Hemisphere

Hemisphere

Hemisphere

Flat face

Flat face

Cone

Cone

Cone

Cone

I"D 2,800

2"D 2,820

3"D 2, 700

4"D 2,830

4 "D 2,830

2"D 2,745

_"D 2, 745

5"D 2,350

4"D 2, 745

4'_D 2, 749

_"D 2, 810

5"D 2, 760

o. 89 8o0
3.56 800

8.0 700

14.2 800

14.2 1,000

3.56 8o0

8.o 8o0

8.o 8oo
14.2 7O0
14.2 80o

18. 0 I, 100

22. 2 i, 000Cone

Diffuser configuration 3(c); el_pty-jet starting efficiency, Iii percent

FlOW maintained

Flow maintained

Flow maintained

Flow lost

Flow maintained

Flow malntalned

Flow maintained

Flow maintained

Flow lost

Flow maintained

Flow lost

Flow lost

95
95

108

76

95

95

95

9"5

Hemisphere 2"D

Hemisphere 3"D

_"Flat face D

Flat face _D

2

2,860

2, 800

2, 890

2,890

3.56

8.0

8.0

8.0

800
8O0

800

1,000

Flow maintained

Flow maintained

Flow lost

Flow malntalned

95
95

76

Diffuser configuration 3(d); empty-Jet starting efficiency, 126 percent

Hemisphere 3"D

_"Flat face D

Flat face _"D

2,860 8. 0 800 Flow maintained

2,810 8.0 740 Flow lost

2,810 8.0 780 Flow maintained

Diffuser configuration 4; empty-Jet starting efficiency, 122percent

95

97

Hemisphere 3"D 2,400 8. 0 800 Flow maintained 95

_"Flat face D 2,560 8,0 1,000 Flow lost
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76 percent. Shadowgraphs showing the flow-loss process for a 2-inch-diameter

model in this original configuration are presented in figure 12. In this

sequence of shadowgraphs, the tunnel is running empty in shadowgraph 13 and

shadowgraph 2 shows the flow maintained at the first instant of model inser-

tion. Shadowgraphs 33 4, 53 and 6 show the loss of Mach 6 flow which occurred

within approximately 0.i second after model insertion. It should be noted that

the flow remained supersonic and a shock wave is shown in shadowgraph 6 although

the design flow conditions no longer exist in the nozzle system. This condition

could be interpreted as a running condition unless model total pressure was

measured. As would be expected, a marked increase in heating rate and pressure

was noted when this condition existed.

Air flow

1 2 3

Air flow

4 _ 6

Figure 12.- Shadowgraphs showing loss of design Mach number. L-64-3027

In considering the diffuser variables to be studied for improving model

size capability for the tunnel 3 the data of reference 1 and conventional dif-

fuser concepts were considered. It was felt that most of the diffusion process

occurred in the scoop and straight-plpe second-minimum sections; therefore,

second-minimum area ratio, scoop configuration, and length of second minimum

were the primary variables selected for study.
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Effect of second-minimum area ratio.- The results of tests using configura-

tions l(a), l(b), and l(c) (table I) to define the effect of increasing second-

minimum area ratio are summarized in figure 13 and table II. As shown by these

results, the initial area ratio of 0.6 had the highest efficiency for empty-Jet

operation of any of the area ratios investigated, yet had the least capability

for operating with blunt models. Since the area ratio of 0.6 was near the

minimum for starting as predicted by theory (ref. 4), only increases in area

ratio were considered. When area ratio was increased to 0.72 (fig. 13), the

empty-Jet efficiency dropped approximately 21 percent; however, model operating

capability was markedly improved. With configuration l(b), models to 3-inch

diameter (blockage of 8 percent) could be run at pressures as low as

700 lb/sq in. abs corresponding to diffuser efficiencies of approximately

98 percent. For larger values of area ratio, empty-jet efficiency continued

to decrease and, although the larger models could be run, overall efficiency

with model in place was reduced at the higher area ratios.

160

120

8O

bO

[]

l

L

.2 .J,0 .6 .8 1.0

I O E_pt_Jet sta_ing efficisncyD 3" b he_sphe_cal-nose _del

I" D h_sphe_ca]-_se model

2" D hemlspherical-nose model

__ _nimumefficiency for tunnel operation _

at Po = 1,000 ib/sq in. abs

I

Second- minimum area ratio

Figure 13.- Effect of second-minimum area ratio on diffuser efficiency for configuration i.

On the basis of these results it is seen that the area ratio for acceptable

model operation in a fixed diffuser must be a compromise, values of approxi-

mately 0.7 to 0.75 producing the best overall efficiencies for the diffuser

used in these tests. An area ratio of 0.72 was chosen for use in the remainder

of this program.

Effect of diffuser-scoo_configuration.- In a tunnel of the free-Jet type,

the diffuser scoop is considered to have several functions. The scoop must

collect the flow of the free jet leaving the test region, direct the flow into

the second-minimum section, and should accomplish some of the diffusion process

in an efficient manner. From these considerations, it is apparent that a num-

ber of interrelated geometric parameters should be considered in scoop design.

16



The ability to collect the flow is dependent on scoop inlet diameter D3 and

free-Jet length _l, and the effectiveness of directing and diffusing the flow

should be defined by the scoop contraction angle and the length of the con-

tracting section. As is apparent, these parameters are so geometrically inter-

related for an axisymmetric system that it was not possible to isolate all the

individual variables in a limited study such as reported herein. Three scoops

(fig. l_) were tested, however, and

provide indications of the relative

importance of the parameters noted.

For these scoops, inlet diameter
was held constant at the maximum

allowable by test-section config-

uration (_l._D1) , and the exit <
diameter D 2 was maintained to
hold the second-minimum area ratio

at the value of 0.72 indicated best [-_

in the previous tests. With these t_
limits, scoop angle combinations

and free-Jet length ll became

the control variables for the tests

conducted. The three scoops

(fig. 4, configurations l, 3,

and 4) were obtained by variation [-_I

of the scoop inlet angle with the

aforementioned diameters held con-

stant. As indicated in figure 14,

scoops 1 and 3 were tested for two

values of free-Jet length _l, and

scoop 4 was evaluated only for the

shorter free-Jet length condition.

As shown by the test results

summarized in figure 14, modifying

the scoop angle of the original 15 °

scoop (configuration l(b)) to

l_ngth

Nozzle exit plane

I

Configu- Empty-jet

ration starting

efficiency

l(b) ii 5

1(d) 126

i_

Running efficiency

wlthmodel inp!ace

Model Model

no. 5 no. 7

9_ No test

76 No test

i08 95

i08 Flow lost

9_. Flow lost

Figure 14.- Sketch of configurations used for

scoop investigation.

incorporate a two-stage (two-angle) scoop (configuration 3(a)) resulted in a

slight increase in empty-jet starting efficiency for the longer free-Jet length;

however, the running efficiency with hemispherical models in place was reduced.

Since the two-stage scoop design results in an increased distance to the start

of the second minimum 13, these data appeared to substantiate previous reports

(ref. 9) that second-minimum location was a critical dimension. To explore this

variable further, both scoop configurations were moved toward the nozzle exit

plane as indicated in configurations 3(b) and l(d) (fig. 14), and a third scoop

configuration (configuration 4) with an 8 ° scoop angle was included for evalua-

tion at this position. The change in inlet location unavoidably changes two

variables simultaneously, namely, free-Jet length _i as well as distance to

second minimum _3; however, the influence of these individual variables can be

separated to some degree by cross comparisons.
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As summarized in figure 14, shortening the free-jet lengths produced a

marked increase in running efficiency with models installed for both config-

urations, and for this shorter free-Jet condition the two-stage scoop (con-

figuration 3(b)) allowed operation with more severe blockage than the original

15 o scoop (configuration l(d)). The third scoop configuration (8° angle, con-

figuration 4), on the other hand, had less efficiency with model installed

although its efficiency (122 percent) for empty-jet condition was approximately

equal to the other configurations. These results would indicate that for the

empty-Jet condition, scoop configuration and free-Jet length have only moderate

effects on operating efficiency for a system of this type. With blunt models

in place, however, a marked system improvement was obtained when free-Jet

length was shortened to approximately one nozzle diameter (Z1 = D1) and for this

short free-Jet condition the two-stage scoop (configuration 3(b)) exhibited the

best model operating capability of the three scoops evaluated. On the basis of

these tests the two-stage scoop with free-jet length of D1 (configura-

tion 3(b)) was chosen for use in the remainder of this investigation.

Effect of length of second minimum.- The effect of varying the length of
second-minimum section in the diffuser was evaluated by using configura-

tions 3(b), 3(c), and 3(d) (fig. 4 and table I) which combined the scoop and
second-mlnimum area ratio configurations found best in the previous studies.

The results of these tests are summarized in figure 15 and show that increasing

the length of second-mlnimum section from 1.9 to 6.3 local diameters increased

the system efficiency approximately 14 percent for the empty-Jet condition and

approximately 21 percent for the most severe model condition. The major gains

were obtained for length increases from 1.9 to approximately 4 diameters, and

only minor increase in efficiency occurred beyond this point. Some additional
tests were made for these configurations with the 2° conical tailplpe removed

from the system. For this condition the effect of reducing length of the

second-minimum section was much more pronounced and, although the tunnel could

• still be operated, marked reductions in operating efficiency occurred for all

cases.

12,3

.....----t--

I ' , 1
O _mpty-Jet starting efflclency.

I

O 3"D ne_ispner_cal-no_e model |
' " _ 2 ½'_ flat-f_¢e model

__ __A t 1 • t I I

] 2 3 z. 5 6 '7

12

Lez_gth o£ _econd minimum_A--
_'2

Figure 15-- Effect of second-minimum length on diffuser efficiency for configurations 5(b), 5(c),

and 3(a).
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The results of these tests generally confirm the concept that the most

efficient diffusion process for this type of system is largely a mixed-flow

process in the straight-pipe section; static pressure distributions (figs. 16

and 17) measured in diffuser configuration 3(b) further illustrate this concept.

Although other length combinations of second minimum and tailpipe sections

D[s_nee From nozzle extt_ in.

Figure 16.- Static pressure distribution along diffuser with no model and with 5"D hemispherical-

nose model (configuration 3(b)). To, 2,915 ° F; Po' 800 Ib/sq in.

DEstano_ From nozzle ex_t_ In,

'DFigure 17.- Static pressure distribution along diffuser with no model and with 2 flat-face model

(configuration 3(b)). To, 2,780 ° F; Po, 800 ib/sq in.
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probably could have been used to provide the mixing length required, this dif-

fuser was finalized by using the 4-diameter 4D 2 length second-minimum section

with the original 2° conical tailpipe (configuration 3(b)).

Performance of Final Diffuser Configuration

Configuration 3(b) was selected for the Mach 6 diffuser because it had

acceptable efficiency for a wide range of models. The operational capability
of the tunnel with configuration 3(b) is summarized in figure 18 and table II

160

o_ 120

ID

o 80

f_

O 60 ° conlcal-nose models

O Hemispnerlcal-nose models

<> Flat-face models

Starting efficiency without model1____ -

i

Efficiency required for operation at Po = 1,O00 Ib/sq in. /

....t--t--tL, i
I 2 3 I, 5

Model diameter, in.

__ _ _ 1 _ ] .__l i t !

7 g I0 12 14 ]6 18

Total model blockage (including strut), percent

Figure 18.- Effects of model blockage on diffuser efficiency for best configuration tested

( configuration 3(b) ).

for three types of models of interest in materials-evaluation test work. The

tunnel could be started at a stagnation pressure of 630 ib/sq in. abs corre-

sponding to an efficiency of 120 percent. Within the nominal 1,000 ib/sq in.

abs stagnation-pressure limit of the system the tunnel could accommodate hemi-

sphericaland 60 ° conical nose models up to 4 inches in diameter which corre-

sponds to a blockage area (including strut) of 17.9 percent of jet area. The

4-inch conical model could be operated at a higher efficiency than the hemi-

sphere; howeverj the tunnel could not be operated with a 4_ -inCh-diameter con-
2

ical model within the 1,000 Ib/sq in. abs stagnation limit. With flat-face

models, a 3-inch-diameter model could not be operated at maximum pressure; how-

ever_ with the model face chamfered to leave a 2_ -inch flat face (fig. 5j
2

model 7) flow was maintained without difficulty.
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For the final tunnel configuration_ tests have been madewith various
models installed for tunnel stagnation temperatures ranging from 70° F (cold
flow) to 3_600° F (the design maximumfor the system); no significant effects
of temperature on operating characteristics have been observed. Also, tests
madeto check effects of techniques of model insertion and model location in
the airstream did not indicate sensitivity to these variables. Models could
be run equally well in on- or off-center positions over a range of longitudinal
locations in the test section.

Test-Section Flow Studies

Typical flow photographs for the tunnel operating with various test models

are shown in figure 19 where it can be seen that for all model conditions the

Air flow

Model no. i Model no. _ Model no.3

Model no. 4 Model no. 7 Model no. 9

L-64-3028

Figure 19.- Typical shadowgraphs of several different models running with diffuser

configuration 3(b) installed.

tunnel flow develops a boundary shock which increases in angle and strength

with more severe blockage. This shock, which characterized the starting and

stopping process in the tunnel (figs. 8 and 12), accompanies an increase in

test-section static pressure to values somewhat higher than stream static pres-

sure when models are inserted. For all conditions shown in figure 19, the

boundary shock was stable and stagnation-pressure measurements on the blunt
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models indicated that the flow in the test region was not appreciably affected
by the boundary shock.

CONCLUSIONS

Consideration of the results of this program to evaluate diffuser config-
urations for a Mach6 open-Jet wind tunnel leads to the following conclusions:

i. The testing of blunt models in a tunnel with a fixed-geometry diffuser
requires the use of a second-minimumarea ratio appreciably larger than the
optimum for empty-Jet operation. An area ratio of 0.72 gave best model capa-
bility for the system of this study.

2. Shortening the tunnel free-jet length from 1.5 to 1.0 nozzle diameters
gave a marked improvement in tunnel operating efficiency with blunt models
installed but had little effect on empty-jet operation.

3. For the diffuser-scoop configuration studies, best model testing capa-
bility was obtained by using a two-angle (i_ ° and 8°) inlet scoop positioned
with a tunnel free-Jet length of 1.0 nozzle diameter.

4. Increasing the length of the constant-area second-minimumsection from
1.9 to 6 local diameters increased tunnel operating efficiency approximately
21 percent with models in place. The major gain was achieved for the length
increases up to the 4-diameter value.

5- For the best diffuser developed in this program, hemispherical and 60°
conical models with blockage areas of 14.2 percent (17.9 percent including
struts) can be operated at diffuser efficiencies of 76 and 95 percent,
respectively.

6. Tunnel stagnation temperature did not have an appreciable effect on
diffuser operating characteristics within the range of this study (70° F to
3,600° F).

Langley Research Center,
National Aeronautics and Space Administration,

Langley Station, Hampton,Va., March 17, 1964.
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